In the Fe-Mo based B-site ordered double-perovskite, A 2 FeMoO 6.0 , with iron in the mixed-valence II/III state, the valence value of Fe is not precisely fixed at 2.5 but may be fine-tuned by means of applying chemical pressure at the A-cation site. This is shown through a systematic 57 Fe Mo¨ssbauer spectroscopy study using a series of A 2 FeMoO 6.0 [A¼ ðBa; SrÞ or (Sr,Ca)] samples with high degree of Fe/Mo order, the same stoichiometric oxygen content and also almost the same grain size. The isomer shift values and other hyperfine parameters obtained from the Mo¨ssbauer spectra confirm that Fe remains in the mixed-valence state within the whole range of A constituents. However, upon increasing the average cation size at the A site the precise valence of Fe is found to decrease such that within the A¼ ðBa; SrÞ regime the valence of Fe is closer to II, while within the A¼ ðSr; CaÞ regime it is closer to the actual mixed-valence II/III state. As the valence of Fe approaches II, the difference in charges between Fe and Mo increases, and parallel with this the degree of Fe/Mo order increases. Additionally, for the less-ordered samples an increased tendency of clustering of the antisite Fe atoms is deduced from the Mo¨ssbauer data. r 2004 Elsevier Inc. All rights reserved.
Introduction
The Sr 2 FeMoO 6Àw double perovskite has been known as a ferrimagnet with a transition temperature as high as B420 K [1, 2] . Its structure is derived from that of the ABO 3Àw perovskite by cooccupation of the B site by two different cations, B 0 (=Fe) and B 00 (=Mo). Recently, the phase was highlighted owing to its halfmetallic ground state and tunneling-type negative magnetoresistance (MR) behavior at temperatures up to the magnetic transition temperature [3] . The stoichiometry of the Sr 2 FeMoO 6Àw phase dictates that either Fe or Mo is in a reduced valence state, i.e., lower than Fe III or Mo VI . As a most straightforward explanation for the halfmetallicity and the magnetic characteristics of Sr 2 FeMoO 6Àw , a picture in which localized 3d 5 electrons of high-spin ; S ¼ 1=2Þ couple antiferromagnetically (AF), was assumed [3] . However, AF superexchange interaction cannot account for the metallic conductivity of Sr 2 FeMoO 6Àw [4] . The 57 Fe Mo¨ssbauer spectra obtained for Sr 2 FeMoO 6Àw samples are best interpreted by assuming a mixed-valence or valence-fluctuating state, expressed as Fe II/III , for iron [5, 6] . The valence mixing agrees with recent XANES [7, 8] and field-dependent paramagnetic susceptibility [9] data. Furthermore, the mixed-valence concept is in accordance with the metallicity of the phase indicating that the mechanism behind the magnetic ordering is double-exchange interaction between the minority spins of Mo and Fe [10] . In terms of the magnitude of isomer shift, a similar mixedvalence state had earlier been established by means of Mo¨ssbauer spectroscopy for the A-site ordered doubleperovskite, BaSmFe 2 O 5+d (dE0) [11] . In the case of BaSmFe 2 O 5+d , the Fe II/III state separates upon cooling into equal amounts of divalent and trivalent iron at a Verwey-type transition with T V E230 K [11] , while for Sr 2 FeMoO 6Àw the mixed-valence state was confirmed to persist down to 5 K [5] .
In terms of fine-tuning the charge distribution in Sr 2 FeMoO 6Àw , ''isovalent'' substitution at the A (=Sr) site is expected to provide us with interesting possibilities, as such a substitution keeps the overall charge of the two B cations constant, but is likely to influence the distribution of charge among them. Isovalent cation substitutions are sometimes discussed as chemical alternatives for application of external pressure, i.e., ''chemical pressure''. For the case of ðR III 0:7 A II 0:3 ÞMnO 3 (where R is a rare-earth element and A an alkaline-earth element) magnetoresistors with a simple perovskite structure, it was found that with decreasing effective ionic radius at the (R; A)-cation site, the Curie temperature (T C ) decreased and the magnitude of the MR effect increased drastically [12] . The primary effect of the decrease in the ionic radius at the (R; A) site was attributed to the decrease in the Mn-O-Mn bond angle, which affects the electron hopping between Mn atoms [12] . Similarly, chemical pressure has been reported to affect the value of T C as well as the low-field and highfield intergrain MR of A 2 FeMoO 6Àw (A¼ Ba; Sr and Ca) double perovskites [13] . The effect of external hydrostatic pressure on resistivity (r) and T C of Ba 2 FeMoO 6Àw was studied as well [14] . It was found that r decreased and T C increased with increasing hydrostatic pressure in a parallel way to the case of chemical pressure.
Since the chemical pressure through isovalent A-site cation substitution strongly controls the physical properties of perovskite compounds, it is interesting to investigate how it affects the valence of iron for a series of A 2 FeMoO 6Àw samples. Mo¨ssbauer spectroscopy is a powerful tool to determine the electronic and spin states of Fe, and for probing the chemical environment around the Fe nuclei. Here we present the results of a detailed iron valence study for a series of A 2 FeMoO 6Àw samples by means of 57 Fe Mo¨ssbauer measurements and discuss the results together with data from magnetic and MR measurements. The phase purity of the samples was confirmed by X-ray powder diffraction (XRD; MAC Science M18XHF 22 ; CuKa radiation). The XRD data were also used for refining the lattice parameters and cation occupancies by means of Rietveld analysis (using RIETAN program). For the oxygen-content determination, an analysis method [15] based on coulometric titration of Fe II and/or Mo V species formed upon acidic dissolution of the sample was employed. The samples were also characterized by dc magnetization (from 5 to 400 K, and -5 to 5 T), resistivity and MR measurements (from 5 to 375 K, and À7 to 7 T) using a superconductivityquantum-interference-device magnetometer (SQUID; Quantum Design: MPMSR-5S) and a four-point probe (Quantum Design System-Model 6000), respectively. The 57 Fe Mo¨ssbauer spectra of the samples were recorded at 77 K in transmission geometry. The absorbers were made by spreading the sample materials mixed with epoxy resin evenly on an Al foil. Co:Rh (25mCi, January 2002) source was used for producing the 14.4 keV Mo¨ssbauer g quanta. The spectra exhibiting magnetic splitting were fitted with the full Hamiltonian of combined electric and magnetic interactions. The following hyperfine parameters were included in the fit: the internal magnetic field experienced by the Fe nucleus (B), the chemical isomer shift relative to a-Fe (IS), the quadrupole coupling constant (eQV zz ), the resonance linewidth (G), and the relative intensity of the component (I) [5] . The angle b between B and eQV zz was fitted when feasible, whereas the angle a was fixed at 0 .
Experimental

Results and discussion
From the XRD patterns, zero traces of impurity phases were seen for each sample. For the A 2 FeMoO 6Àw system, it has been reported that the grain size [18, 19] , the degree of oxygen nonstoichiometry [20] and the degree of Fe/Mo order at the B-cation site [21, 22] strongly affect the magnetotransport characteristics. Thus in order to investigate ''intrinsic characteristics'' of the A 2 FeMoO 6Àw system, the grain size, the oxygen content and the degree of Fe/Mo order need to be controlled for all the samples. The grain size of each sample was confirmed to lie in a narrow range of 2-6 mm from field-emission scanning-electron micrographs. From several parallel experiments of coulometric titration, the precise oxygen content of the samples of Ba 2 FeMoO 6Àw , Sr 2 FeMoO 6Àw and Ca 2 FeMoO 6Àw (synthesized by the encapsulation technique) was determined at 6 À w ¼ 5:98ð1Þ; 5.97(1) and 5.99(1), respectively. Besides, the 57 Fe Mo¨ssbauer spectra being sensitive to the oxygen content and configuration of oxygen atoms about the Fe atoms did not reveal any presence of oxygen deficiency within the estimated detection limit of wE0:02 for any of the samples. Thus, it is believed that all of the present samples lie within a narrow range of oxygen content, i.e., 6 À w ¼ [4, 25] . From the magnitude of M S ; the value of n was estimated using a proposed relationship [26] : M S ¼ ð4 À 8nÞ: In Fig. 1 the value of n; as revealed from (i) the XRD data through Rietveld refinement, (ii) the results of magnetization experiments, and (iii) the analysis of Mo¨ssbauer data (as given in Table 1 and discussed in detail in the following paragraphs), is plotted against the average ionic radius, rðA II Þ; of the A-site constituent for the samples synthesized by the encapsulation technique. The numbers of n obtained from the three independent approaches are consistent. As shown in Fig. 1 , all the samples possess high degrees of order. However, a tendency of slightly increased n values is seen upon decreasing rðA II Þ: Mo¨ssbauer spectra measured for the samples at 77 K were analyzed using four spectral components. A typical fitted spectrum is shown in Fig. 2 . The hyperfine parameters obtained from the computer fittings of the spectra are presented in Table 1 In the actual fittings, the b angle was free for components M1 and AP and fixed at À90 and 0 for M2 and AS, respectively. In the latter case the fixing was done due to the low intensity of component AS.
Let us now discuss the precise valence state of the majority Fe atoms corresponding to component M1. The isomer shift is the best hyperfine parameter to judge the valence state of iron. Component M1 dominates all spectra and it is thus easy to fit the isomer shift of it with high accuracy. In general, the mean isomer shift values of 0.20-0.55 mm/s are expected for Fe III in oxides [28] . A typical value at 77 K for high-spin (HS) Fe III in a 5-or 6-coordinated surrounding is B0.3 mm/s [29] , whereas for HS Fe II values of B1.0 mm/s are expected [28] . Besides, from our previous study on the Sr 2 Fe(Mo,T)O 6 system with T¼ W; Ta we learned the characteristic hyperfine parameters for different Fe species in a B-site ordered double-perovskite environment [30] [5, 6] . However, the actual isomer shift value of M1 depends on the choice of the A-site cation. The dependence is illustrated in Fig. 3 for all the samples (synthesized by the two different techniques) where the value of the isomer shift is plotted against rðA II Þ: The straightforward interpretation is that the higher the isomer shift value is, the lower is the valence of the mixed-valence Fe in the sample, i.e., closer to II. Thus, there is a systematic shift towards divalency with increasing rðA II Þ; especially within the A=(Sr,Ba) range upon increasing the Ba content. [7] . Finally, we note that whereas all the six lines of component M1 (that dominates the spectra) and even for component M2 are clearly seen and thus readily fitted, this is no longer the case for the other two components. Component AS covers at most just a few percent of the total intensity, and only lines 1 and 6 are seen clearly in the data. In such a case it is not possible to fit the isomer shift reliably; this explains the somewhat scattered isomer shift values for component AS in Table 1 . Even though the change in the isomer shift of component AS looks partly opposite to that for M1 (and M2), it is unlikely that AS iron could compensate much for changes in the valence of the majority Fe atoms, due to its low overall concentration. For component AP, the possible change, if any, is parallel to that seen for components M1 and M2. Thus, we may conclude that the valence balance Fe II/III -Mo V/VI gradually shifts closer to that of Fe II -Mo VI as the size of the A cation increases.
From the Mo¨ssbauer data given in Table 1 , it is seen that not only the isomer shift but also other hyperfine parameters differ rather little among the A¼ ðSr; CaÞ samples. For all the samples, the internal field values are typical of HS Fe II or Fe III , except for component AP, which has an abnormally small internal field. This is discussed in detail in Ref. [27] . Component AS exhibits the highest internal field values, confirming its assignment to pure Fe III . High-spin Fe III with a coordination number of 5 or 6 usually has a saturation field of more than 50 T. Due to the valence mixing, the internal field of component M1 is somewhat decreased, i.e., it is slightly lower than 50 T. The fact that the strongest decrease in the field value is observed for the A¼ Ba sample is in line with the judgement already made by considering the isomer shift values, i.e., the valence and spin states of the mixed-valence Fe atoms are the lowest in this sample. However, the overall behavior of the field of component M1 (see Fig. 4 ) requires further discussion. For the Ca-for-Sr substituted samples the isomer shift values indicate a constant Fe valence. The local maximum in the internal field around 30% Ca-substitution level is thus best explained by the fact that the transition from the tetragonal to monoclinic symmetry occurs in this region. The variation in the (Sr,Ca) regime could then be purely due to the changes in the lattice symmetry. Also upon substituting Sr by Ba the field first increases, which may be accounted for by the fact that the samples become cubic. Then the strong decrease in field with a further increase in the Ba content is clearly due to the fact that the valence of Fe approaches II. Finally, we note that component M2 exhibits field Here it is interesting to compare this result with the data presented in Fig. 1 for the concentration of antisite defects. For doubleperovskite compounds, A 2 B 0 B 00 O 6 ; with the B-site occupied by two cations (B 0 and B 00 ) with equal atomic fractions, the degree of B-site order has been believed to depend on both the size of the cation A and the charges of the cations B 0 and B 00 ; such that (i) decreasing the size of A; and (ii) increasing the charge difference between the two B cations, would promote the ordering [32] . In the present study, the concentration of antisite defects, n; was found to increase with decreasing rðA II Þ (Fig. 1 ). This is opposite to (i), but agrees with (ii). Therefore, the trend seen in Fig. 1 is not in conflict with our interpretation of the Mo¨ssbauer parameters in terms of the precise valence state of iron in the A 2 FeMoO 6.0 system.
Concerning the relative intensities of components M2 and AS, as M2 originates from the Fe atoms adjacent to antisite Fe atoms, one would expect a constant intensity ratio of M2 to AS. In Fig. 5 , the intensity ratio, I(M2)/ I(AS), is plotted as a function of the concentration of antisite defects for all the A 2 FeMoO 6.0 samples discussed so far. In this plot we also include data for samples synthesized by the encapsulation technique under slightly different synthesis conditions in terms of temperature and/or duration. From Fig. 5 , as halfmetallicity in principle should depend on the degree of valence mixing. At 300 K Ba 2 FeMoO 6.0 exhibits a larger MR effect than the A¼ Sr and Ca samples. This is probably due to the fact that the CMR peak [33] seen about T C is not far. Our assumption is supported by the fact that the shape of the MR curve for Ba 2 FeMoO 6.0 at 300 K lacks the typical steep low-field dependence, while it is still present for the 300-K MR curves of the A¼ Ca and Sr samples. , the degree of Fe/Mo order was found to increase. Furthermore, the present Mo¨ssbauer spectroscopic data suggested that antisite defects at the B-cation site tend to cluster as their concentration increases. 
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